ABSTRACT Mouse granulocyte-macrophage progenitor cells were stimulated to divide by the granulocyte-macrophage colony-stimulating factor (GM-CSF). The two daughter celis were separated; one daughter was transferred to medium containing a high concentration of GM-CSF, the other to medium containing a low concentration. Daughter cell-derived clones in the presence of 2500 units of GM-SF had average cell cycle times 3.5 + 2.5 (SEM) hr shorter than clones derived from the paired daughter cell stimulated by 50 units of GM-CSF. Final colony size achieved after stimulation by 50 units of GM-CSF was always smaller than that of colonies stimulated by 2500 units of GM-CSF. In 8 of 41 instances, colonies stimulated by 50 units of GM-CSF developed, or were composed only of, macrophage populations in contrast to the granulocytic composition of colonies derived from the paired daughter cell growing in the presence of 2500 units of GM-CSF. The regulator GM-CSF appears able to directly influence cell cycle times and the pathway of differentiation entered by many bipotential granulocyte-macrophage precursor cells.
ABSTRACT Mouse granulocyte-macrophage progenitor cells were stimulated to divide by the granulocyte-macrophage colony-stimulating factor (GM-CSF). The two daughter celis were separated; one daughter was transferred to medium containing a high concentration of GM-CSF, the other to medium containing a low concentration. Daughter cell-derived clones in the presence of 2500 units of GM-SF had average cell cycle times 3.5 + 2.5 (SEM) hr shorter than clones derived from the paired daughter cell stimulated by 50 units of GM-CSF. Final colony size achieved after stimulation by 50 units of GM-CSF was always smaller than that of colonies stimulated by 2500 units of GM-CSF. In 8 of 41 instances, colonies stimulated by 50 units of GM-CSF developed, or were composed only of, macrophage populations in contrast to the granulocytic composition of colonies derived from the paired daughter cell growing in the presence of 2500 units of GM-CSF. The regulator GM-CSF appears able to directly influence cell cycle times and the pathway of differentiation entered by many bipotential granulocyte-macrophage precursor cells.
In the presence of adequate concentrations of the specific regulator, granulocyte-macrophage colony-stimulating factor (GM-CSF), the progenitors of granulocytes and macrophages are stimulated to proliferate in vitro to form colonies of differentiating granulocytes or macrophages or both (1) . Single-cell cloning studies indicated that many progenitor cells are bipotential and are able to form both granulocyte and macrophage progeny (2, 3) . In the presence of high regulator concentrations, even with GM-CSF purified to homogeneity, a high proportion of granulocytic colonies develops whereas in the presence of very low concentrations, only macrophage colonies develop (1, 4, 5) . A relationship has also been observed between GM-CSF concentration and the rate of proliferation of developing colony cells (6) . These observations suggested that GM-CSF is able to shorten cell cycle times of proliferating granulocyte-macrophage cells and to determine whether progeny cells exhibit granulocyte or macrophage differentiation.
Interpretation of these data has been complicated by the demonstration of heterogeneity among granulocyte-macrophage progenitor cells (7, 8) . Subsets of precursors exist that appear to be preprogrammed to form only granulocytic progeny and to require high concentrations of GM-CSF for stimulation. Conversely, subsets of granulocyte-macrophage progenitors appear able to form only macrophage progeny and to respond to stimulation by low GM-CSF concentrations. It might be, therefore, that GM-CSF merely selectively activates differing subsets of preprogrammed progenitor cells without having any significant capacity to influence the number or type of progeny produced.
The present experiments using paired daughter cells of in-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 5327 dividual granulocyte-macrophage progenitors were undertaken to determine whether GM-CSF can directly influence both the rate of proliferation and the differentiation pathway entered by the progeny of granulocyte-macrophage precursor cells. (9) .
MATERIALS AND METHODS
Standard 1-ml cultures contained 75,000 C57BL marrow cells and were stimulated by 0.1 ml of stage II GM-CSF prepared from mouse lung conditioned medium (1) at dilutions giving 2500 or 50 units of GM-CSF per culture dish.
Cultures were incubated for 7 days at 370C in a fully humidified atmosphere of 10% CO2 in air, and colonies of more than 50 cells were scored with an Olympus dissection microscope at X35 magnification under indirect lighting conditions.
The composition and cell content of individual colonies were determined by removing sequential colonies with a fine pasteur pipette and placing them on microscope slides. After the slides were dried, colonies were stained with 0.6% orcein in 60% (vol/vol) glacial acetic acid and colony cells were counted and typed at X400 magnification.
Recloning of Paired Daughter Cells. Special cultures were prepared of 10,000 C57BL marrow cells in agar medium containing 2500 units of stage II GM-CSF. At 16-24 hr of incubation, developing granulocyte-macrophage clones containing only two cells were identified at X40 magnification with a dissection microscope and the pair of daughter cells was removed from the culture dish with a fine orally controlled glass pipette. The pair of cells was transferred to the surface of a culture dish containing only agar medium and, by repeated aspiration, the daughter cells were separated. One daughter cell was then transferred to a culture dish containing 1 ml of agar medium and 50 units of GM-CSF; the cell was embedded below the surface of the agar medium above a reference circle. The second daughter cell was then transferred to another 1-ml agar medium culture containing 2500 units of GM-CSF.
The location of each cell was confirmed by microscopic observation, and for the next 48 hr a record was made at 12-hr intervals of the number of cells present in each developing clone. After a total incubation period of 6 days in the secondary Abbreviation: GM-CSF, granulocyte-macrophage colony-stimulating factor.
cultures, the cells present in the cultures were harvested and cell numbers and types were determined.
Control experiments were performed in which both daughter cells were transferred to cultures each containing 2500 units of GM-CSF, and the size and composition of developing colonies were determined. In the control cultures, the first cell of the daughter pair to be transferred was labeled "1" and corresponded to the first daughter cell transferred to the cultures containing 50 units of GM-CSF in the experiments with high and low concentrations of GM-CSF.
RESULTS
Assay of the two concentrations of the batch of GM-CSF used throughout these experiments showed that in cultures of 75,000 C57BL marrow cells, 2500 units stimulated the formation of colonies with an average size of 2500 cells and that 58% of the colonies were composed of granulocytes (Table 1 ). In contrast, 50 units stimulated the formation of colonies with an average size of 70 cells and 76% of these colonies were composed of macrophages.
From 16-to 24-hr cultures of 10,000 C57BL marrow cells containing 2500 units of GM-CSF, 231 pairs of daughter cells were transferred successfully to cultures containing 50 or 2500 units of GM-CSF and 166 paired daughters were transferred to cultures both of which contained 2500 units of GM-CSF. The subsequent behavior of only 20% of the transferred paired daughters was able to be analyzed. Failures were due to loss or death of one or both of the transferred cells and, less commonly, to contamination of one or both recipient cultures.
Comparative Growth Rates of Transferred Daughter Cells. Mean doubling times in the first 48 hr after daughter cell recloning were analyzed in all instances in which both daughter cells exhibited proliferation during this time interval. In confirmation of early observations (6), there was no evidence of cell death in proliferating clones during the first 48 hr of culture and there was a marked tendency for synchronous and apparently symmetrical divisions. The most commonly observed clone sizes were, in sequence, 2, 4, 8, 16, 32, and 64 cells. Doubling times were calculated at each of the four observation periods and the values were averaged.
In 36 of the 38 pairs analyzed, the daughter cell grown in the presence of 2500 units of GM-CSF generated progeny with shorter mean doubling times than those of the progeny produced by the daughter cell grown in the presence of only 50 units of GM-CSF (Fig. 1) . The mean shortening of the doubling times for the paired clones analyzed was 3.5 + 2.5 (SEM) hr. The calculated regression line for these data was y = 0.399x + 5.66; the standard deviation for this slope was +0.094. This slope was significantly different from that of the hypothetical slope where both daughters formed progeny with equal doubling times (t = 6.37, P < 0.001).
Influence of GM-CSF Concentration on Colony Size. Colony size was determined 6 days after daughter cell transfer, excluding examples in which one daughter cell failed to pro- GM-CSF. The shaded squares indicate examples where both daughters produced like colonies or clusters, although as noted above, such paired colonies exhibited consistent size differences. Of the 41 examples where at least one daughter produced a colony, in 17 both daughters produced similar colonies. However, there were eight examples where the "high concentration" daughter produced a granulocytic colony and the "low concentration" daughter a colony or cluster composed wholly of macrophages or containing macrophages. Similarly, in six instances the high concentration daughter produced a mixed granulocyte-macrophage colony and the low concentration daughter only a macrophage colony.
The comparable results for control cultures in which both daughters were transferred to cultures containing 2500 units of GM-CSF are shown in Fig. 5 . In sharp contrast to the results in Fig. 4 , in 39 of the 48 examples both daughters produced colonies that were not only identical in composition but ex-GM-CSF (2500 units) hibited the same general structure (e.g., tight colonies, colonies with tight centers and outer sprays of cells, or loose colonies). Only two examples were observed in which the daughters produced colones of dissimilar composition. When at least one daughter formed a colony, a x2 analysis of the difference in frequency of unlike progeny in the two experiments (15 of 41 for the high/low group; 3 of 48 for the high/high group) gave a value of 10.8 (P < 0.01). Of more importance, within the low/high transfer experiment 14 of the 15 examples of unlike progeny were in the direction of "down-grading" in cultures containing the low concentration of GM-CSF.
In the transfer experiments, the proportions of granulocyte, granulocyte-macrophage, and macrophage colonies produced by the three sets of daughter cells cultured with 2500 units of GM-CSF were, respectively: 59%, 27%, and 14%; 58%, 21%, and 21%; and 61%, 17%, and 22%. These proportions are similar to those observed in the standard cultures stimulated by 2500 units of GM-CSF (58%, 33%, and 9%; Table 1 ). This indicates that the dividing cells selected for transfer were representative of the colony-forming cells in the donor cultures. In contrast, the proportions of granulocyte, granulocyte-macrophage, and macrophage colonies produced by daughters transferred to cultures with 50 units of GM-CSF were 40%, 22%, and 38%, respectively. These proportions approached those seen in primary cultures stimulated by 50 units of GM-CSF (Table 1) . DISCUSSION Analysis of the subsequent behavior of paired granulocytemacrophage daughter cells after transfer to separate culture dishes both containing 2500 units of GM-CSF has provided striking evidence of the synchrony and symmetry of the initial divisions in this cell lineage. Clones generated by the two daughters tended to progress in the size sequence Previous experiments have shown that purified GM-CSF can stimulate micromanipulated, single, bipotential granulocytic-macrophage progenitor cells to form both granulocytic and macrophage progeny (2, 3) . It has been shown that high concentrations of purified GM-CSF stimulate the formation of a high proportion of granulocytic colonies whereas low concentrations stimulate the formation mainly of macrophage colonies (1) . This phenomenon must be based in part on progenitor cell heterogeneity because these cells exhibit varying thresholds of responsiveness to stimulation (7) and, as just discussed, the present experiments provide further evidence for preprogrammed heterogeneity.
However, the transfer of daughter cells to medium containing high and low GM-CSF concentrations clearly documented that a daughter cell can produce granulocytic progeny with high GM-CSF concentrations whereas the other daughter produces some or only macrophage progeny when stimulated by low GM-CSF concentrations. The production of macrophage progeny under these circumstances has been termed "differentiation downgrading," the macrophage being regarded as an alternative differentiated cell type resulting from conditions of low regulator stimulation. The data obtained indicate that this phenomenon does not account entirely for the concentration-dependent influence on granulocyte-macrophage differentiation but presumably operates in conjunction with the process of selective activation of preprogrammed subsets of granulocyte-macrophage precursor cells.
It will be of interest to determine the intracellular events involved in differentiation downgrading and whether this phenomenon occurs in regulator-target cell interactions involving other cell types where differing progeny can be generated by bi-or multipotential cells.
